Introduction
The off the Pacific coast of Tohoku earthquake with a magnitude of 9.0 which occurred on March 11, 2011 was the largest earthquake ever to be observed in Japan. It is estimated that three or four focal areas slipped during this earthquake. However, the occurrence of such a large earthquake was not expected in this area. After the earthquake, the focal regions of the Tokai, Tonankai and Nankai earthquakes, each of which was a large scale earthquake along the Nankai Trough, were reassessed. This revision revealed that a M9.0 earthquake might take place in the Nankai area [1] , the scale of which could almost be the same as that of the 2011 off the Pacific coast of Tohoku earthquake. To evaluate the stability of the railway structures against such a large-scale earthquake, it is necessary to precisely evaluate the earthquake motion of the main shock.
Many smaller aftershocks are expected after a main shock which could lead to significant further structural damage. When evaluating the safety of structures against large-scale earthquakes, it is therefore also desirable to consider the effect of these aftershocks.
A combination of the Gutenberg-Richter law [2] and the modified Omori formula [3] was proposed as a means to evaluate the aforementioned aftershocks. However, a deterministic method for evaluating aftershocks as an input motion to structures has yet to be proposed. The occurrence of aftershocks varies greatly depending on the earthquake, and making prediction difficult. For example, the aftershock conditions in the wake of the Western Tottori prefecture earthquake in 2000 and the Mid Niigata Prefecture Earthquake in 2004 are shown in Fig. 1 . Although the magnitude of both shocks is almost identical, the aftershock patterns are quite distinct. Accuracy of aftershock estimation nonetheless is not essential for seismic design of structures; the only critical factors required are magnitude and frequency.
This study therefore proposed an aftershock model based on past earthquake data which can be used in structural design. The proposed model was then applied to calculate the time history waveforms of main shocks and aftershocks. Finally, the paper discusses the effects of aftershocks in relation to railway structure damage.
Aftershock evaluation method

Collection of earthquake records, and subsequent process
First records of main shocks and aftershocks were collected. Based on a list of space-time inter-relationship in earthquake occurrence [4] , the coordination was established between main shocks and aftershocks. Only inland earthquakes and subduction-zone earthquakes [5] with a main shock of magnitude over M6.0 were selected for the study along with aftershocks with a magnitude difference of less than three with the main shock. For earthquakes with a foreshock followed by a main shock, the foreshock was treated as the main shock, and subsequent earth- quakes treated as aftershocks, even if their magnitude exceeded the foreshock. Records for approximately 1,800,000 earthquakes [6] observed from 1923 to September, 2010 were gathered, along with those for 50 inland earthquakes and 211 subduction-zone earthquakes. The epicenter locations of the selected main shocks are shown in Fig. 2 . The magnitude and timing of the shocks are important for evaluating structures. For example, liquefaction damage may spread when a large-scale aftershock occurs immediately following the main shock when hydraulic pressure of the foundation disappears. If a major aftershock occurs before structural repair can be carried out after the main shock damage may be worsened. The modeling of the scale and frequency of accompanying aftershocks is a function of the elapsed time from the main shock.
Modeling of the aftershock
This section discusses the relationship between the scale of the maximum aftershock and the main shock. Figure 3 illustrates the relationship between magnitude of the main shock and the maximum aftershock. The mean magnitude difference between the main shock and the maximum aftershock in relation to the main shock magnitude is also shown in this figure.
This figure shows that the variation in magnitude difference is large. However, the mean value is likely to be constant irrespective of the scale of the main shock. That is to say, the magnitude of the maximum aftershock in a subduction-zone earthquake is smaller than that of the main shock by about a magnitude of one. The magnitude of the maximum aftershock of an inland earthquake however is about the same as, or only slightly smaller than that of the main shock. This shows that aftershocks are expressed not on the basis of the magnitude of the main shock but as the difference of magnitude between aftershocks with the main shock as a parameter.
The magnitude of the maximum aftershock in the off Figure 4 illustrate the relationship between elapsed time after the main shock and the number of aftershocks. Subduction-zone earthquake Inland earthquake time. As mentioned above, selected aftershocks are those with a difference in magnitude of less than three with the main shock. Figure 4 shows that the number of aftershocks per unit of time decreases over time. The total number of aftershocks is over 50. The number of aftershocks from an inland active fault earthquake is higher than for a subduction-zone earthquake for the first 10 hours. After this ten hour period however, the of the aftershocks between both types of quake is almost identical. Figure 5 shows data from Fig. 4 (a) ranked according to magnitude difference between the aftershock and main shock. The figure shows that the larger the magnitude, the smaller the number of aftershocks. It also reflects the same tendency illustrated in Fig. 4 (a) of number of aftershocks decreasing over time. Relatively small scale aftershocks (magnitude difference of less than -1.5) are greater in number due to fault activity. The figure also illustrates that the number of large aftershocks (magnitude difference over -1.4) is greater in the case of subduction-zone earthquakes than with an inland active fault earthquake. Figure 6 tracks the change in the scale of maximum aftershocks corresponding to elapsed time after the main shock. In the comparatively short period of less than about 100 hours after the main shock, there is higher probability of a large aftershock in the case of an inland active fault earthquake than with a subduction-zone earthquake. On the other hand, the probability of a large-scale aftershock in the case of a subduction-zone earthquake is higher 100 hours after the main shock. The difference in magnitude with the main shock of the final maximum aftershock, is about 1.0 for both types of earthquakes. The gradient of the Subduction-zone earthquake Inland earthquake frequency curve flattens around 100 hours after the main shock, indicating the higher probability of the maximum aftershock striking within four days of the main shock.
Number of aftershocks after the main shock
Maximum aftershock scale after the main shock
Modeling of aftershock occurrence after the main shock
Based on the above analysis of aftershocks and their frequency and magnitude in relation to lapse of time after the main shock, these results were then modeled. This was done by first calculating a value to express expected the earthquake frequency for each unit of time and each scale based on data in Fig. 5 . The expectation value was then discretized, in order to arrive at an estimation of the timing of the aftershocks. Evaluation of the aftershock scale was carried out by a discrete manner as shown in Fig. 5 . In order to simplify the modeling, aftershocks magnitudes in a given range were represented by a single magnitude. For example, aftershocks with a magnitude difference of -2.4 to -1.5 were defined as aftershocks with a magnitude of -2.0 in the model. Figure 7 shows the relationship between elapsed time after the main shock and magnitude of aftershocks in a subduction-zone earthquake, whereas Fig. 8 shows the same result in the case of an inland active fault earthquake.
These figures show that that the proposed model can be used to express the number and scale of aftershocks appropriately: the inland active fault produces a large number of small aftershocks, whereas the oceanic trench earthquake generates aftershocks of relatively larger magnitude. Large-scale aftershocks of a magnitude difference with the main shock of about -1 are expected to occur once within several hours (less than 10 hours) after the main shock. It was also found that, in approximately 100 hours after the main shock, a large-scale aftershock occurs once again in case of the inland earthquake, and about two aftershocks occur an oceanic trench earthquake. The proposed aftershock occurrence model may therefore be applied to obtain a rough estimation of the frequency and the scale of aftershocks. 
Calculation of main shock and aftershock waveforms
Calculation conditions
Applying the model proposed above, estimations were made of waveforms of a main shock and aftershocks. The target main shock illustrated in Fig. 9 , is an inland active fault earthquake with a scale of 36 × 24 km. The main shock has a magnitude of 7.0, and the dip angle is 45 degrees. The outer fault and inner fault parameters are fixed using the proposed method applied to data from past inland fault earthquakes [7, 8 ]. The proposed model was then used to calculate the waveforms of aftershocks with a magnitude of between 5.0 and 6.0. The calculation period was set to 100 hours from the main shock. This time span was determined from the time generally required to repair structural damage following the main shock, i.e. approximately three to five days [9] . Based on the above conditions and Fig. 8 , results gave an estimation of two aftershocks of M6.0 and 10 aftershocks of M5.0 occurring during the 100 hour time span. Corresponding waveforms were calculated for a total of 13 earthquakes including main shocks and aftershocks.
Stochastic green's function method [10] was employed to evaluate the waveform. The site amplification factor for amplitude was fixed on the basis of the average earthquake amplification factor, evaluated at the seismic observatories [11] . The phase characteristics of the earthquakes were evaluated by independent modeling of source, path, and site characteristics. The source characteristics were expressed by superposition of impulses following the fault rupture process [12] . The path effect was evaluated using a recursive model obtained from past data records [13] . The site characteristics were evaluated from the site amplification factor, assuming that the group delay time of the transfer function can be expressed as a minimum phase shift function [12] . Amplification in the ground which was shallower than the engineering bedrock was ignored.
The calculation of the aftershock waveforms was conducted in the same manner as for the main shock. Focus spreading in aftershocks of M5.0 was ignored. Focus spreading was factored in however for calculation of M6.0 aftershocks, with the rupture spreading concentrically from the fault center. Figure 9 illustrates determination of the aftershock origin. This location is based on the empirical assumption that many aftershocks are generated near the focus [14] . It is also assumed that the aftershocks occur in the order shown in Fig. 9 . The target sites for which Figure 11 shows the obtained waveforms. Although the distance between the fault and sites A and B are equal, site B is located in the opposite direction to rupture travelling from the epicenter. Therefore, the duration of the earthquake motion in site B is longer and the wave groups corresponding to the two asperities are clear. Since site A is located in the traveling direction of the rupture, asperity effects coincide and the duration of the earthquake motion is shorter.
Ground motion of the main shock and the aftershocks
The time histories obtained for aftershocks at site B are shown in Fig. 12 . Since the rupture area of M 5.0 earthquakes is small, the duration is very short. M6.0 earthquakes on the other hand last longer, and are accompanied by larger amplitudes. The ground motion peak acceleration ratios differ clearly between No.3 and No.11 even though they are on a similar scale. The latter is due to the hypocenter location of the aftershock as shown in Fig. 9 . The distance between the target point and the hypocenter differs in each aftershock. This means that the aftershocks origin must be set in a way which does not lead to underestimation of structural damage.
Evaluation of impact of main shock and aftershocks on structures
Given the waveform sets obtained for the main shock and aftershocks, railway structure damage can be investigated. The amount of structural damage is evaluated by the Damage Index (DI) determined as follows [15] . 
Where d max is the maximum lateral displacement against the design ground motion, d u is the ultimate displacement under monotonically increasing lateral deformation, dE ∫ is the cumulative plastic energy dissipation due to the design ground motion, Q y is the yielding load and b is a non-negative parameter to express the effect of repetitive loading on structural damage. Structural damage is expressed as the sum of DI 1 , damage from maximum deformation, and DI 2 , damage from repetitive motion. In this index, the structure is regarded as collapsed if DI is larger than one. In this calculation, structural conditions are assumed so that the equivalent natural period is 0.5 second, yield seismic intensity is 0.3, ductility demand µ δ δ u u y ( / ) = is 6, and b is 0.15 [16] . d y is a yielding displacement of the structure.
Based on these conditions, DI results calculated for the main shock and aftershocks are shown in Fig. 13 . The comparison of DI with and without considering the aftershocks are shown in the Table 1. Structures in both site A and B received extensive damage due to the main shock, following that DI 1 reaches a maximum under the main shock. It follows that the damage by the maximum deformation is not extended by the aftershocks. On the other hand, DI 2 gradually increases under the effect of aftershocks. In site B in particular, DI 2 increased greatly with aftershock No.11 which occurred just beneath the site, causing DI to exceed 1.0. DI in sites A and B grew by 2% and 8% respectively under the impact of aftershocks. Although this value is com- paratively small, it demonstrates that the influence of aftershocks may become significant, depending on the origin of the main shock and aftershocks and structural conditions.
Conclusion
This study proposed a model, using past earthquake data, for calculating the occurrence of aftershocks with a view to verifying the seismic performance of railway structures. Application of this model enables estimation of the scale and frequency of aftershocks, within a given period after the main shock. As an example, the time history for a main shock (M7.0) and its aftershocks was calculated. The waveform groups obtained from this calculation were em- ployed to investigate the effects of the aftershocks on structural damage. Results confirmed that aftershocks may aggravate structural damage.
